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A B S T R A C T
The use of Ni-Fe catalysts for the catalytic pyrolysis of real-world waste plastics to produce hydrogen and high
value carbon nanotubes (CNT), and the inﬂuence of catalyst composition and support materials has been in-
vestigated. Experiments were conducted in a two stage ﬁxed bed reactor, where plastics were pyrolysed in the
ﬁrst stage followed by reaction of the evolved volatiles over the catalyst in the second stage. Diﬀerent catalyst
temperatures (700, 800, 900 °C) and steam to plastic ratios (0, 0.3, 1, 2.6) were explored to optimize the product
hydrogen and the yield of carbon nanotubes deposited on the catalyst. The results showed that the growth of
carbon nanotubes and hydrogen were highly dependent on the catalyst type and the operational parameters. Fe/
γ-Al2O3 produced the highest hydrogen yield (22.9 mmol H2/gplastic) and carbon nanotubes yield
(195 mg g−1plastic) among the monometallic catalysts, followed by Fe/α-Al2O3, Ni/γ-Al2O3 and Ni/α-Al2O3. The
bimetallic Ni-Fe catalyst showed higher catalytic activity in relation to H2 yield than the monometallic Ni or Fe
catalysts because of the optimum interaction between metal and support. Further investigation of the inﬂuence
of steam input and catalyst temperature on product yields found that the optimum simultaneous production of
CNTs (287 mg g−1plastic) and hydrogen production (31.8 mmol H2/gplastic) were obtained at 800 °C in the absence
of steam and in the presence of the bimetallic Ni-Fe/γ-Al2O3 catalyst.
1. Introduction
The worldwide demand for plastics grows rapidly and inevitably
produces large quantities of waste plastics. Over 60% of post-consumer
plastics ends up in waste landﬁlls or is incinerated, representing a waste
of resource [1]. Thermal recycling via pyrolysis and gasiﬁcation of
waste plastics, into fuels and chemical products has been identiﬁed as a
promising technology for tackling waste issues related to plastics [2,3].
In recent years, an attractive method of producing high value nano-
materials such as carbon nanotubes (CNTs) from waste plastics has been
reported [4,5]. The produced CNTs were further utilised to produce
reinforced materials which exhibited improved strength characteristics,
implying the potential of the process in industrial applications [6].
Due to their extraordinary properties including chemical stability,
electric conductivity, high surface area, etc., carbon nanotubes have
been attracting worldwide attention [7–9]. Compared with other
synthesis technologies which include arc discharge and laser ablation,
chemical vapour deposition (CVD) is the most prevalent and versatile
technology in terms of cost and bulk production. Research into CVD for
CNT production has been reported to convert methane, ethylene,
ethanol to carbon nanotubes through CVD [10,11]. Thermal conversion
of plastics to carbon nanotubes can be achieved in two stage reactors,
where solid plastics are pyrolysed to produce volatile materials in a ﬁrst
stage (temperature around 500 °C), followed by CVD at high tempera-
ture over a catalyst [12,13]. Hydrogen, which will be an important
clean fuel in the future, can also be generated during this process.
The hydrogen yield and morphology of the product carbon nano-
materials can be varied with diﬀerent operational parameters. The
growth temperature is a key factor for carbon nanotubes production, as
it eﬀects both the hydrocarbon cracking and carbon diﬀusion rate. A
novel ﬂuidized bed reactor was investigated with diﬀerent tempera-
tures at diﬀerent stages to obtain a balance between carbon production
and diﬀusion on the catalyst, so that a continuous growth of carbon
nanotubes was achieved [14]. Shen et al. [15] used a step-wise heating
process for hydrogen and carbon materials production from methane.
They reported that bamboo-shaped, multi-branched and onion-like
carbons were deposited on the catalyst and their yield varied with in-
creased catalyst temperature. In addition, an increase in catalyst tem-
perature was shown to result in a higher yield of hydrogen from waste
plastics [16]. In order to increase the hydrogen yield, steam has often
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been introduced to promote hydrocarbon reforming reactions which
yields more gaseous product. However, as a consequence of steam ad-
dition, carbon deposited on the catalyst may also be gasiﬁed which
leads to a lower carbon yield [17,18]. However, Zhang et al. [19] found
that a low level injection of steam could improve the purity of carbon
nanotubes without consuming excessive amounts of the carbon.
In addition to the operational parameters, other factors such as
feedstock type, external energy (e.g. plasma enhanced) and catalyst to
feedstock ratio have also been investigated to optimize the process
[20–22]. However, the catalyst composition is considered to be the
most inﬂuential factor for carbon nanotubes production. It is known
that Ni-based catalysts are favorable for thermal conversion of hydro-
carbons due to their eﬀective catalytic activity and lower cost. Yang
et al. [13] synthesized CNTs with an external diameter of 20–30 nm
from polypropylene and polyethylene in a pilot-scale system using a H-
Ni/Al2O3 catalyst. Wen et al. [23] used a Ni catalyst to form CNTs from
polyoleﬁn wastes, which showed good electrochemical performance as
electrode material for supercapacitors. Whilst Ni based catalysts are
commonly used for hydrogen production, Fe catalysts are more often
utilised for carbon nanomaterial production. Acomb et al. [24] in-
vestigated the inﬂuence of diﬀerent metal catalysts for the catalytic
pyrolysis of low density polyethylene. They reported that an Fe/Al2O3
catalyst gave a higher conversion of the hydrogen in the plastic to H2
gas (26.8% conversion), but also the Fe/Al2O3 catalyst produced a high
carbon yield on the catalyst (26 wt.%) compared with Ni, Co and Cu
based catalysts, due to the high carbon solubility of Fe.
Recently, bimetallic or trimetallic catalysts have received attention
to further improve catalyst activity. A porous Ni-Cu-Co alloy catalyst
was studied by Lua and Wang [25] for the decomposition of methane
for hydrogen and carbon nanotubes production. The interaction be-
tween Cu and Fe was found to enhance the nucleation of nanotubes
over Fe as well as minimize the bulk accumulation of carbon substrates
[26]. In terms of hydrogen production, Wu and Williams [27,28] have
suggested that a bimetallic Ni-Mg catalyst presented higher catalytic
activity towards hydrogen production than a monometallic Ni catalyst.
This was attributed to the reduced amount of monoatomic carbons
produced and the enhanced physical stability of the catalyst with the
bimetallic catalyst. The advantages of such multi-metal catalysts arises
from good stability, smaller metal particle size and appropriate inter-
action between diﬀerent metals [29]. Ni-Fe bimetallic catalysts have
shown favorable performance for some studies, for example, Ni-Fe
based on bio-char has been used in biomass gasiﬁcation to increase tar
conversion in an eﬀective and economical way [30]. Enhanced methane
dehydrogenation and longer catalyst life-time activity were found by
Shen et al. [31] when using Ni-Fe/Mg(Al)O for CNTs production from
methane. However, there are limited reports about using Ni-Fe bime-
tallic catalysts for the co-production of CNTs and H2 from waste plas-
tics.
The catalyst substrate is also an important factor for the synthesis of
carbon nanotubes. Pure nickel particles without a substrate were found
to be a diﬃcult surface to deposit any carbons because of metal ag-
glomeration [32]. The substrate acts not only as a support medium but
also a reactant to catalyst and carbon precursors. The physical or che-
mical interaction between catalyst particles and support can stabilize
the metal particles with a ﬁnely dispersed particle distribution [10]. As
a number of reports in the literature have noted, the diameter of syn-
thesized carbon nanomaterials were closely related to the catalyst metal
particle size [33,34]. Thereby, the possibility of controlling the dia-
meter of carbon nanotubes could be achieved. The eﬀect of diﬀerent
catalyst support material properties on carbon nanomaterials produc-
tion from methane was investigated by Takenaka et al. [35], and
showed that Al2O3 and MgO supported Co catalysts gave higher carbon
yields than Co/TiO2 and Co/SiO2. Ermakova et al. [36] reported that
the morphology and structure of ﬁlamentous carbons on iron catalysts
were strongly dependent on the chemical nature of the support.
Although there are a number of studies that have described the use
of Fe or Ni based catalysts to catalyse the pyrolysis of hydrocarbons for
carbon nanotubes production, most of them focus on small-molecule
sized feedstock or single pure polymers. Available studies on Ni-Fe
catalysts for the pyrolysis of real world waste plastics are quite limited.
Moreover, the hydrogen yield and properties of carbon deposits using
Ni-Fe with diﬀerent supports, catalyst temperature and steam injection
have not been systematically investigated. Therefore, this paper aims to
explore monometallic Ni, Fe and bimetallic Ni-Fe catalysts for the
pyrolysis of waste plastics. The eﬀect of catalyst composition and sub-
strate type on the yield and morphology of deposited carbon, as well as
the hydrogen yield have been investigated. In addition, catalytic re-
forming of waste plastics under diﬀerent catalyst temperatures and
steam to plastic ratios were conducted to further optimize the process.
2. Materials and methods
2.1. Materials
Real-world waste plastics, including disposable drink cups, lunch
boxes and plastic wraps, which are widely used for food packing, were
collected and used for the process feedstock and were obtained from
Mingjin Plastic Ltd, China. The plastic waste was crushed and ground
using a liquid nitrogen grinder with screen meshsize between 0.1 and
1 mm. The mixed plastic waste composition was comprised of 40 wt.%
sample bottles (mainly HDPE), 35 wt.% plastic bags (mainly LDPE),
20 wt.% preservative boxes (mainly PP) and 5 wt.% lunch boxes
(mainly PS). The ultimate analysis of the material was 84.51 wt.%
carbon, 13.85 wt.% hydrogen, 1.51 wt.% oxygen and 0.13 wt.% sul-
phur. Ash content of the mixed plastics was less than 1 wt.%.
Monometallic Ni or Fe based catalyst and bimetallic Ni-Fe catalyst
were prepared using an impregnation method. Metal nitrates and two
diﬀerent crystalline forms of alumina (α-Al2O3 and γ-Al2O3, supplied by
Sigma Aldrich, UK) were used as the support material. Both alumina
forms are resistant to high temperature and are considered to be stable
catalyst supports. Ni/α-Al2O3 was prepared starting with 5.503 g of Ni
(NO3)3∙6H2O dissolved in ethanol, followed by addition of 10 g α-
Al2O3, so that the initial metal loading was 10 wt.%. The precursors
were stirred for 4 h using a magnetic stirrer and dried at 50 °C overnight
to remove the remaining ethanol. The solid was then calcined at 800 °C
with a heating rate of 10 °C min−1 and a hold time at 800 °C of 3 h
under an air atmosphere. The other catalysts Ni/γ-Al2O3, Fe/α-Al2O3,
Fe/γ-Al2O3 and Ni-Fe/γ-Al2O3 were synthesized using the same proce-
dure. Bimetallic Ni-Fe catalyst was prepared with the same 10 wt.% of
total metal loading but with a Ni to Fe molar ratio of 1–3, which was the
optimum composition for the highest yield of carbon depositions and
hydrogen yield in preliminary studies [37]. All the catalysts were then
crushed and sieved to give granules in the size range of 0.05–0.18 mm.
No reduction of the catalyst prior to the catalytic pyrolysis was carried
out as the gases produced during pyrolysis-catalytic process such as H2
and CO reduced the metal oxides in situ.
2.2. Experimental setup and procedure
The pyrolysis-catalysis of waste plastics was conducted in a two-
stage ﬁxed bed reactor as shown in Fig. 1. The experimental system
consisted of a quartz tube reactor (I.D. 40 mm) with two temperature
ranges (upper: pyrolysis zone, 310 mm height; lower: catalysis zone,
310 mm height), a gas supply system, gaseous product condensing
system with ice and water mixture and a gas cleaning system followed
by an oﬀ-line gas product, gas analysis system.
Three sets of experiment were carried out to determine the inﬂuence
of process parameters on the production of hydrogen and carbon na-
notubes; the eﬀect of diﬀerent catalyst type using Ni/γ-Al2O3, Ni/α-
Al2O3, Fe/γ-Al2O3, Fe/α-Al2O3 and Ni-Fe/γ-Al2O3 catalysts; the inﬂu-
ence of steam to plastic mass ratios of 0, 0.3, 1, 2.6; and catalytic
temperatures of 700, 800, 900 °C. For each experiment, 0.5 g catalyst
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was supported by ∼0.2 g stainless steel wire mesh on a perforated
plate, which was placed in the middle of the second catalytic stage,
where the temperature was preheated to 800 °C. A quartz boat with 1 g
of waste plastic was held in the ﬁrst reactor. High purity nitrogen
(99.99%) was supplied as an inert gas at a ﬂow rate of 110 ml min−1.
After the second catalyst reactor reached the pre-set temperature and
was stable, the boat containing the plastic sample was introduced into
the middle of the ﬁrst stage pyrolysis reactor. The plastic was heated at
a controlled heating rate of 10 °C min−1 from room temperature to
500 °C and held at 500 °C for 15 min. The condensable product vapours
were collected by a two-stage ice-water condenser. The non-con-
densable gas stream was collected with a 20 l gas sample bag. Gas
composition was determined using a dual-channel gas chromatograph
(GC) (Micro-GC 3000A, Agilent Technology, USA) equipped with
thermal conductivity detectors. H2, CO and CH4 were detected by
channel A (molecular sieve 5A column) and CO2, C2H2, C2H4, C2H6
were measured by channel B (polystyrene chromatographic column).
The reproducibility of the reaction system was examined and experi-
ments were repeated to ensure reliability.
2.3. Product characterization and analysis
The fresh Ni or Fe based catalysts were characterized using various
analytical techniques. Metal species and crystal structure were de-
termined by X-ray diﬀraction (XRD, X’Pert PRO, PANalytical B.V.,
Netherlands), using a scanning step of 0.026° in the 2θ range from 10°
to 85°. Peaks were identiﬁed using a High Score Plus software package.
Temperature programmed reduction (TPR) of the catalysts was under-
taken using a Stanton Redcroft TGH1000thermo gravimetric analyzer
(TGA). Approximately 30 mg of catalyst sample was preheated to
150 °C at a heating rate of 20 °C min−1 and held for 10 min, followed
by heating to 900 °C at 10 °C min−1 in a reduction atmosphere (5 vol.%
H2/95 vol.% N2).
The morphologies of deposited carbon on the surface of the catalysts
was obtained using a Hitachi SU8230 scanning electron microscope
(SEM) operating at 20 kV, and a transmission electron microscope
(TEM) using a FEI Tecnai TF20. The thermal stability of the carbon on
the catalysts was analysed by temperature-programmed oxidation
(TPO) on a Shimadzu TGA. A 10 mg sample of the reacted catalyst was
heated from room temperature to 800 °C in air (ﬂow rate,
100 ml min−1) with a heating rate of 15 °C min−1 and a hold time of
10 min at 800 °C. Raman spectroscopy of the deposited carbon was
carried out to determine the graphitic quality, and the spectrograms
were obtained using a LabRAM HR800 (Horiba Jobin Yvon, Japan)
Raman spectrometer at a wavelength of 532 nm with Raman shift from
200 to 3500 cm−1.
The mass of each gas was calculated according to the volume con-
tent from GC analysis and the ﬂow rate of carrier gas (N2). The total gas
and liquid yield were calculated by gas and liquid mass obtained in
relation to the total weight of waste plastics. Carbon deposition yield
was determined as the mass diﬀerence between fresh and reacted cat-
alyst divided by the mass of feedstock. The mass balance was then
obtained based on the sum of gas, liquid and solid yield. For each ex-
periment, less than 0.001 g of residue remained in the ﬁrst stage after
pyrolysis, indicating that the plastics were almost completely converted
into vapours, the additives that might exist from the manufacturing
process of the plastics were neglected in this work.
3. Results and discussion
3.1. Pyrolysis-catalysis of waste plastics with diﬀerent catalyst type
3.1.1. Characterization of fresh catalyst
XRD analyses of the diﬀerent fresh catalysts are shown in Fig. 2.
Broad and weak XRD spectral peaks of NiO were observed for the Ni/γ-
Al2O3 catalyst, while the diﬀraction peaks of Ni/α-Al2O3 were sharp
and intense, indicating a highly crystalline nature. Briquet et al. [38]
considered the adsorption of Ni clusters on the α-Al2O3 surface to be of
a very limited extent, the crystal NiO and α-Al2O3 can be clearly
identiﬁed on the surface of the Ni/α-Al2O3 catalyst. Similar to the Ni/γ-
Al2O3 catalyst, the XRD diﬀraction patterns of Fe/γ-Al2O3 showed at-
tenuated and wide features and few peaks indicative of crystalline
phases. However, the XRD spectra of the Fe/α-Al2O3 catalyst were as-
sociated with Fe2O3 as well as Al2O3. Compared to Ni/γ-Al2O3and Fe/γ-
Al2O3, the Ni-Fe/γ-Al2O3 catalyst produced moderate and low diﬀrac-
tion intensities. The presence of Fe-Al and Ni-Fe-Al alloy that was ob-
served in the XRD spectra at around 36° with the Ni-Fe/γ-Al2O3 catalyst
indicated the enhanced interaction between metal and support. The
Fig. 1. Schematic diagram of the pyrolysis-catalysis process of waste plastics.
Fig. 2. XRD analysis of fresh Ni and/or Fe based Al2O3 catalysts.
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presence of nickel-iron oxide (3, 1, 1) and (2, 2, 2) for the bimetallic Ni-
Fe catalysts were also reported by Shen at al. [30] at 35.63 and 37.25°
respectively. Similar XRD results for bimetallic catalysts were also ob-
served by Wu and Williams [27,39], where Ni-Mg, Ni-Al and Ca-Al were
found from the XRD analysis of fresh catalysts. According to the
Scherrer equation, sharp diﬀraction peaks were linked to higher mean
crystallite size and broad peaks related to smaller metal size on the
surface of the support [40]. The average crystallite size corresponding
to the main phase was calculated as 21, 66, 32, 49 and 20 nm for the
Ni/γ-Al2O3, Ni/α-Al2O3, Fe/γ-Al2O3, Fe/α-Al2O3 and Ni-Fe/γ-Al2O3
catalysts respectively. Therefore, Ni, Fe as well as bimetallic Ni-Fe
catalysts remained well dispersed over the γ-Al2O3 support. However,
metals on the α-Al2O3 supported catalysts were agglomerated into
larger crystallite sizes, which has also been reported in other literature
[41].
The TPR results for the fresh catalysts are displayed in Fig. 3. The
Ni/γ-Al2O3 catalyst showed two broad peaks at temperatures in the
range of 350–500 °C, and at around 650 °C. However, the Ni/α-Al2O3
catalyst showed only one reduction peak which occurred at 550 °C. The
relatively higher reduction temperature of the Ni/α-Al2O3 catalyst
compared to that reported by others [42] may be due to the larger
particle size (recognized by XRD). The reduction of Fe/γ-Al2O3 and Fe/
α-Al2O3 catalysts are complicated and undergoes a number of stages,
which has been reported by other literature [43,44]. It is suggested that
Fe2O3 is ﬁrstly reduced into magnetite at around 400 °C followed by
reduction to metallic Fe at higher temperatures, which produces some
asymmetric and overlapped peaks. The TPR results of the Ni-Fe/γ-Al2O3
catalyst showed a wide range of reductions, including two broad peaks
in the range of 300–500 °C and 500–800 °C, respectively.
Alberton et al. [40] observed diﬀerent reduction proﬁles for Ni
catalysts supported by γ-Al2O3 and α-Al2O3. Reduction of the Ni/α-
Al2O3 catalyst was in the range from 300 to 600 °C, whereas it occurred
after 600 °C for the Ni/γ-Al2O3 catalyst. Fig. 3 shows a division of the
catalyst reduction regimes into two temperature regions. It can be seen
that all of the catalysts are reduced in the ﬁrst region (< 600 °C),
however, only γ-Al2O3 supported catalysts show further reduction at
temperatures higher than 600 °C (second region). As derivative peaks at
low temperatures are always related to bulk oxides which hardly in-
teract with the support [45], those showing reduction at high tem-
peratures are associated with metal oxides strongly bonded to the
alumina support [24]. Therefore, it is suggested that the interaction
between Ni (or Fe) with the Al2O3 support was stronger in the case of γ-
Al2O3 compared to α-Al2O3. Furthermore, the main TPR reduction
peaks found with the Ni/γ-Al2O3 and Fe/γ-Al2O3 catalysts were in the
ﬁrst region, but changed to the second region in the presence of Ni-Fe/
γ-Al2O3. The results suggest that the interaction between metal oxides
and support was enhanced in the case of bimetallic catalysts compared
to monometallic catalysts. In addition, the XRD spectra (Fig. 2) de-
monstrated the presence of co-spinel-(Ni, Fe, Al) and nickel iron oxide
(Fe2NiO4 or FeNi2O4), which were the intermediates that contributed to
the interaction between active metals and support. The interaction
changes due to the introduction of another metal to a monometallic
catalyst have also been reported by other researchers [46,47].
The morphologies and the dispersion of active metallic components
of fresh catalysts were determined by SEM-EDX analysis, as shown in
Fig. 4. The data shows that the Ni and Fe were well dispersed on the γ-
Al2O3 support compared to the α-Al2O3, which is suggested to be due to
the porous nature of the γ-Al2O3 support. Both the fresh and externally
reduced Ni-Fe/γ-Al2O3 catalysts were also characterized using the SEM-
EDX (Fig. 4(e) and (f)), little diﬀerence in morphologies and metal
dispersions between non-reduced and reduced catalyst could be ob-
served, indicating the thermal stability of the prepared Ni-Fe/γ-Al2O3
catalyst.
3.1.2. Product yield and gas composition
The inﬂuence of diﬀerent types of catalyst on the yield of products
was investigated using the experimental pyrolysis-catalysis system in
the absence of any steam input and at a catalyst temperature of 800 °C.
The product distribution in terms the yield of gases, liquids and carbon
deposition on the catalyst are shown in Table 1. The mass balance for
all the catalytic experiments ranged from 95 to 109 wt.%, indicating the
reliability of experiments. The only exception was the low mass balance
of 80.51 wt.% in the absence of catalyst, which was assigned to the
condensed volatiles on the reactor quartz wall, which was diﬃcult to
collect and weigh, reducing the reported liquid yield. In addition, the
standard deviations of the hydrogen yield and carbon deposition for the
repeated experiments were calculated to be in the range of
1.1–1.5 mmol H2/gplastic and 0.6–1.4 wt.% respectively. It can be seen
that the introduction of a catalyst had a signiﬁcant eﬀect on the hy-
drogen yield and carbon deposition compared to the non-catalytic ex-
periment (where sand was used for the second stage in place of cata-
lyst). The hydrogen yield and carbon deposition were greatly increased,
from 7.9 to 22.5 mmol H2/gplastic and from 2.2 wt.% to 21.1 wt.% re-
spectively, when the Ni/γ-Al2O3 catalyst was used. The Ni/α-Al2O3
catalyst generated a lower hydrogen yield (18 mmol H2/gplastic) than
the Ni/γ-Al2O3 catalyst and was also the lowest yield among the ﬁve
catalysts. This may due to the undesirable dispersion of Ni particles
associated with a large particle size as indicated by XRD results [48].
However, the carbon deposition on Ni/α-Al2O3 was 26.1 wt.%, which
was signiﬁcantly higher than over the Ni/γ-Al2O3 catalyst. This may be
linked to the relatively weak interaction between metal and support
which is more likely to increase carbon deposition [17].
The Fe/γ-Al2O3 catalyst produced a H2 yield of 22.9 mmol H2/
gplastic which was higher than the Ni/γ-Al2O3 and Ni/α-Al2O3 catalysts.
As steam was not injected into the reactor system for these experiments,
it is suggested that catalytic thermal cracking reactions (Eq.1) which
produced carbon deposition and hydrogen were dominant during the
process. Therefore, the catalyst with higher yield of carbon deposition
also produced a higher hydrogen yield. Therefore, the Fe based catalyst
was more active in hydrocarbons cracking and thus showed higher
yield of carbon deposition and hydrogen yield than the Ni based cata-
lyst. Previous results reported by Acomb et al. [24], also found Fe had a
higher hydrogen conversion than Ni, Co and Cu catalysts. The max-
imum yield of hydrogen was achieved with the highest carbon de-
position in the presence of the Ni-Fe/γ-Al2O3 catalyst and had a value of
31.8 mmol H2/gplastic. The higher H2 yield of the Ni-Fe/γ-Al2O3 catalyst
among the ﬁve catalysts investigated may be associated with the cat-
alyst reduction peak at higher temperatures as shown in Fig. 3, which
has been reported to be responsible for hydrogen production [17]. In
addition, the small particle size and ﬁnely dispersed metal particles
(from XRD results) derived from the interaction between metal and γ-
Fig. 3. Temperature programmed reduction of fresh catalysts.
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Al2O3 support (TPR analysis), were favorable for hydrogen production
from waste plastics. This agreed well with those reports in the literature
[40,49] in relation to the catalytic reforming of toluene and ethanol
using Ni supported by alumina.
CxHy→ C + H2 (1)
Table 1 also shows the gas volumetric content of the product gases.
The main gases produced in the absence of catalyst were CH4, C2
Fig. 4. SEM-EDX results of the fresh catalysts. (a) Ni/γ-Al2O3, (b) Ni/α-
Al2O3, (c) Fe/γ-Al2O3, (d) Fe/α-Al2O3, (e) Ni-Fe/γ-Al2O3, (f) ex-situ re-
duced Ni-Fe/γ-Al2O3.
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hydrocarbons and H2. The C2+ hydrocarbons comprised more than
20 vol.% of the gases, therefore, cracking reactions were incomplete,
which leads to low carbon deposition. For all the catalytic experiments,
hydrogen content was greatly increased at the expense of C2+ and CH4
gases. The Ni-Fe/γ-Al2O3 catalyst produced the highest H2 volumetric
concentration of 62.88 vol.%, whilst the other monometallic catalysts
gave a H2 content in the range of 48–57 vol.%. Ni (or Fe) supported on
γ-Al2O3 gave a lower concentration of C2+ hydrocarbons than on α-
Al2O3. In addition, the hydrogen content of the gas product over Fe
based catalysts was higher than over Ni based catalysts, again in-
dicating the eﬀective performance of Fe for hydrogen production.
3.1.3. Carbon nanotubes production
Fig. 5 shows the SEM and TEM morphology of the carbon nano-
materials on the surface of the catalyst. The carbon deposits were
mainly ﬁlamentous type carbon for all the catalysts investigated and
were crooked and entangled, with a length of up to tens of microns. A
few disordered or amorphous carbons could also be observed. The
diameter of the ﬁlamentous carbon deposits were variable depending
on the catalyst type, generally, deposits on catalysts supported by α-
Al2O3 appeared to be thicker than those supported by γ-Al2O3. The TEM
images at high magniﬁcations further demonstrated this diﬀerence, and
also showed that most of the ﬁlamentous carbon nanomaterials on the
surface of the catalysts were hollow carbon nanotubes (CNTs). Carbon
nanotubes with outer diameters around 20 nm were produced over Ni/
γ-Al2O3, whereas many disordered deposits were also observed. Com-
pared with Ni/γ-Al2O3, the Ni/α-Al2O3 catalyst generated thicker
carbon nanotubes with diameters ranging from 40 to 50 nm. The dif-
ference in morphology may be due to the fact that the metal particle
size of the Ni/γ-Al2O3 catalyst was smaller than the Ni/α-Al2O3 catalyst
(from XRD results), since it has been reported that the diameter of
carbon nanotubes are dominated by catalyst particle size [34]. In ad-
dition, carbon deposits on the Fe/γ-Al2O3 catalyst appeared to be
smoother and had a smaller diameter than those produced from the α-
Al2O3 supported Fe/α-Al2O3 catalyst. More carbon nanotubes with
narrower diameters were observed in the presence of the Ni-Fe/γ-Al2O3
catalyst, where the diameters were found to be in the range of
20–40 nm. Therefore, the metal particles available for the carbon
growth on the Ni-Fe/γ-Al2O3 catalyst were widely distributed and
coupled with smaller particle size. This also agrees with the XRD data
reported earlier and supports the contention that the enhanced inter-
action between metal and support promote well distributed, active sites
on the surface of the catalyst, resulting in the formation of thinner
carbon nanotubes.
In order to better explore the relative amounts of diﬀerent carbon
types on the catalysts, temperature programmed oxidation (TPO) of the
reacted catalysts was carried out, and the results are shown in Fig. 6.
The small increase in the weight loss from the catalyst at temperatures
between 400–500 °C was due to the oxidation of metallic Ni or Fe.
According to the weight loss ratio of catalysts after oxidation, Ni based
catalysts showed the least carbon deposits, followed by Fe based cata-
lysts. The Ni-Fe/γ-Al2O3 catalyst showed the largest weight loss during
oxidation, suggesting the largest amount of carbon deposits on the
surface of the catalyst. The TPO data are consistent with results from
Fig. 4. (continued)
Table 1
Experimental results for the pyrolysis-catalytic process with waste plastics using diﬀerent
catalysts.
Sand Ni/γ-
Al2O3
Ni/α-
Al2O3
Fe/γ-
Al2O3
Fe/α-
Al2O3
Ni-Fe/γ-
Al2O3
H2 yield (mmol H2/
gplastic)
7.9 22.5 18.0 22.9 20.7 31.8
Gas yield (wt.%) 50.5 41.8 39.6 35.3 32.4 43.0
Liquid (wt.%) 27.8 36.4 37.8 36.2 32.5 19.6
Carbon deposition
(wt.%)
2.2 21.1 26.1 32.6 35.2 40.7
Mass balance (%) 80.5 99.2 103.5 104.0 100.1 103.3
Gas composition (vol.%)
H2 24.74 52.64 48.43 57.49 57.62 62.88
CO 2.98 4.52 5.45 4.60 4.84 6.24
CH4 49.36 39.60 41.14 35.81 34.12 27.20
CO2 0.67 1.39 0.94 0.72 0.64 0.97
C2+ 22.25 1.85 4.04 1.38 2.79 2.70
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Table 1. The derivative weight loss results of the Ni/γ-Al2O3 and Ni/α-
Al2O3 catalysts gave two distinct peaks at temperatures around 625 and
680 °C. It is reported that the oxidation peak at lower temperature is
associated with amorphous carbons, while the peak at higher oxidation
temperature is linked to ﬁlamentous carbons such as carbon nanotubes,
due to them being more stable and less reactive [50]. The amount of
each carbon type determined by derivative TPO weight loss data and
total deposition yield (Table 1) was calculated and shown in Fig. 6(c).
Fig. 5. SEM and TEM images of carbon depositions over (a and
b) Ni/γ-Al2O3, (c and d) Ni/α-Al2O3, (e and f) Fe/γ-Al2O3, (g
and h) Fe/α-Al2O3, (i and j) Ni-Fe/γ-Al2O3.
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The Ni/γ-Al2O3 catalyst generated a total deposited carbon mass of
211 mg g−1plastic, with 71 mg g−1plastic of amorphous type carbons and
140 mg g−1plastic of ﬁlamentous carbons. The use of the Ni/α-Al2O3 cat-
alyst resulted in a decrease in ﬁlamentous carbon deposits, though the
total carbons (261 mg g−1plastic) was higher than for the Ni/γ-Al2O3 cat-
alyst. Since the ﬁlamentous carbons deposited on these catalysts, ob-
served from TEM data, were identiﬁed as CNTs, the results suggest that
Ni/γ-Al2O3 produced more CNTs than Ni/α-Al2O3. From Fig. 6(b), the
oxidation of Fe based catalysts did not present two peaks but a broad
large peak. It may consist of two overlapping peaks, while the peak at
lower temperature was shifted to higher temperature due to bulk dif-
fusion. The Fe/γ-Al2O3 catalyst gave a derivative weight loss peak at
higher oxidation temperature, suggesting more ﬁlamentous carbons
(CNTs) than Fe/α-Al2O3. In addition, both Fe/γ-Al2O3 and Fe/α-Al2O3
catalysts produced more carbon that the Ni-based catalysts probably
due to the better carbon solubility of iron compared to nickel [24]. The
bimetallic Ni-Fe/γ-Al2O3 catalyst showed from Fig. 6(c) that the
amount of ﬁlamentous carbon with Ni-Fe/γ-Al2O3 (287 mg g−1plastic) was
signiﬁcantly larger than that obtained for the other catalysts, coupled
with a reduction in amorphous carbon deposits (120 mg g−1plastic). This
suggests that the Ni-Fe/γ-Al2O3 catalyst favoured the production of ﬁ-
lamentous carbons and reduced the formation of amorphous carbons.
It has been proposed that the growth of carbon nanotubes under-
goes three steps: the decomposition of carbon precursors, the diﬀusion
of carbon intermediates on the metal particles, and carbon nucleation
and growth to form nanotubes [51]; carbon diﬀusion was considered to
be the rate-controlling step. Yang et al. [13] suggested that smaller
metal particles on the catalyst promoted carbon atom diﬀusion to the
metal particle and growth of nanotubes at the interface, leading to a
higher CNTs yield. This may explain the observations here, where the
catalyst with smaller particle size (from XRD and TEM analysis) gen-
erated higher yields of CNTs (from TPO). In addition, α-Al2O3 sup-
ported Ni (or Fe) catalysts generated more carbon deposition (Table 1),
and the obtained speciﬁed CNTs yield was lower than from the γ-Al2O3
supported catalysts. The data agrees well with the report by Amama
et al. [52] in that the yield and quality of carbon nanotubes could be
maximized by the increasing porosity of the alumina support.
The carbon nanotubes deposited on the surface of the catalyst from
TEM results were found to be not evenly distributed, and some defects
in CNTs were also observed. In order to determine the purity and gra-
phitization of the carbon nanotubes, Raman analysis was performed
(Fig. 7). The D band around wavelength of 1350 cm−1 is ascribed to
amorphous or disordered carbon, while the G band at around wave-
length 1580 cm−1 is caused by tangential vibration of the ordered
graphite carbon atoms [53]. The G’ band observed at around wave-
length 2700 cm−1 is associated with the process of two-photon elastic
scattering. The peak intensity ratio of ID/IG is used to determine the
defects and degree of graphitization of carbon deposits, and a higher
ratio of IG’/IG also implies higher carbon nanotubes purity [24,54]. Both
Ni/γ-Al2O3 and Ni/α-Al2O3 catalysts gave an ID/IG ratio of about 0.95
and an IG’/IG ratio of less than 0.4, indicating the poor quality of de-
posited carbons over the Ni catalysts. The ID/IG ratio of the Fe based
catalysts was lower than that observed for the nickel counterparts, and
Fig. 6. (a) Temperature programmed oxidation, (b) derivative plots, (c) amount of dif-
ferent types of carbons over diﬀerent reacted catalysts.
Fig. 7. Raman spectra of the carbon materials over diﬀerent catalysts.
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the IG’/IG ratio was much higher with a ratio around 0.58. The data is
consistent with the morphology observations from Fig. 5 and the
amount of ﬁlamentous carbons identiﬁed from Fig. 6(c). It appears that
carbon nanotubes with higher purity and graphitization were more
favoured in the presence of Fe catalysts than the Ni catalysts. In addi-
tion, although the catalysts using diﬀerent supports, such as Ni/γ-Al2O3
and Ni/α-Al2O3 result in a diﬀerence in carbon quality, the type of
metal in the catalyst has a more signiﬁcant eﬀect. It implies that it is the
metal composition rather than the catalyst support that plays a more
important role in relation to the quality of the carbon deposits. From
Fig. 7, the minimum ID/IG ratio of 0.43 and the maximum of IG’/IG ratio
of 0.65 in the presence of Ni-Fe/γ-Al2O3 indicate that the carbon na-
notubes obtained had fewer defects and higher graphitic characteristics
compared with carbons produced with the other catalysts.
3.2. Hydrogen and carbon nanotubes production with Ni-Fe catalyst
3.2.1. Product yields and gas composition
The Ni-Fe/γ-Al2O3 catalyst produced the highest yield of hydrogen
and ﬁlamentous/CNT, therefore, further work was carried out to in-
vestigate the inﬂuence of various process parameters on H2 and CNTs
yields using the Ni-Fe/γ-Al2O3 catalyst. Results for the product yield
and gas production from the catalytic pyrolysis of waste plastics at
diﬀerent process conditions in the presence of the Ni-Fe/γ-Al2O3 cata-
lyst are shown in Table 2. Hydrogen yield was increased signiﬁcantly,
from 31.8 mmol H2/gplastic in the absence of steam to 92.7 mmol H2/
gplastic when the steam to plastic ratio was 2.6. All of the product yield
was calculated in relation to the plastic mass only. It can be seen that
the increase in the steam injection rate sees a positive eﬀect on the gas
production, and gas yield increases to 164.4 wt.% at the steam to plastic
ratio of 2.6. Correspondingly, the carbon deposition yield was de-
creased dramatically from 40.7 to 3.5 wt.%. The carbon reduction is
associated with the steam reforming reactions (Eq. (2) and (3)), where
hydrocarbons and solid carbons were oxidised by steam and generated
more hydrogen and carbon monoxide. The water gas shift reaction Eq.
(4) was also enhanced at higher steam feeding rate. This is also in
agreement with a number of studies that reported the introduction of
steam resulted in a reduction in carbon deposition and an increase in
gas yield [18,19]. Liquid yield was also increased because of the in-
troduction of steam into the system.
CxHy + H2O→ CO+ H2 (2)
C + H2O→ CO+ H2 (3)
CO + H2O→ CO2 + H2 (4)
H2 production achieved a maximum of 92.7 mmol H2/gplastic with a
H2 gas concentration of 62.92 vol.% at the steam to plastic ratio of 2.6.
The gas compositions at diﬀerent steam to plastic ratios show (Table 2)
that the product gases consist of H2, CO, CH4 and a lower content of
CO2 and hydrocarbons. The hydrogen concentration remained stable in
the range of 62–65 vol.%. CO content was increased markedly, while
CH4 decreased with increased addition of steam, due to the enhanced
reactions Eqs. (2)–(4).
The product distributions and gas composition from waste plastics
at diﬀerent catalyst temperatures in the absence of steam are also
shown in Table 2. The results show that the hydrogen yield increased
from 27.2 to 43.7 mmol H2/gplastic when the catalyst temperature was
increased from 700 to 900 °C, while carbon deposition on the catalyst
remained high and in the range of 40–44 wt.%. The lowest gas yield of
34.1 wt.% corresponded with the highest liquid yield of 23.8 wt.%
obtained at 700 °C. In addition, from the gas composition the C2+ hy-
drocarbon content (5.74 vol.%) of the product gas was higher at 700 °C
than at 800 and 900 °C. It is suggested that the thermal cracking at low
temperature is relatively weak, and some hydrocarbons cannot be
completely converted, leading to a lower gas production but a higher
yield of condensed liquid. When the catalyst temperature was raised
from 800 to 900 °C, hydrogen yield was signiﬁcantly increased to
87.39 mg g−1plastic and H2 gas concentration also increased to 72.18 vol.
%, at the expense of the consumption in CH4 and C2+ gases.
3.2.2. Eﬀect of steam on carbon nanotubes production
Fig. 8. shows the scanning electron microscopy determined mor-
phological appearance of the reacted Ni-Fe/γ-Al2O3 catalysts at dif-
ferent steam to plastic ratios. Carbon deposits on the catalyst in the
absence of steam were predominantly ﬁlamentous carbons with a dense
covering on the surface of the Ni-Fe/γ-Al2O3 catalyst. At the steam to
plastic ratio of 0.3 and 1, the nature of the deposited carbons appeared
to be quite similar, and both ﬁlamentous carbon and amorphous de-
posits were observed. The diameter of these ﬁlament-like carbons was
stable, irrespective of the diﬀerent steam injection rates used. However,
when the ratio of steam to plastic was increased to 2.6, almost no ﬁ-
lamentous carbon deposits could be observed. It appears that almost all
of the carbon deposits reacted with the increased steam. This agrees
well with the experimental results shown in Table 2 that reports very
low levels of carbon deposits at the highest steam to plastic ratio.
The decrease in the amount of carbon deposition with more steam
injection can be further demonstrated by the TPO analysis, shown in
Fig. 9(a) and the derivative weight loss in Fig. 9(b). The low carbon
content of the used catalyst at the steam to plastic ratio of 2.6 is con-
ﬁrmed by the TPO data shown in Fig. 9. As the steam to plastic ratio
was increased from 0 to 1, the thermal stability of the carbon deposits
was decreased as the temperature of the main oxidation peak shifted to
a lower temperature. From Fig. 9(c), as the steam to plastic ratio was
raised, the amount of ﬁlamentous carbons decreased, producing
287 mg g−1plastic without steam injection, compared with 130 and
17 mg g−1plastic at ratios of 0.3 and 1, respectively. The amount of
amorphous carbons obtained showed a maximum at the steam to plastic
ratio of 1. Both amorphous and ﬁlamentous carbons were gasiﬁed when
the steam to plastic ratio increased from 0.3 to 1.
Raman spectra was also used to characterise the deposited carbons
at diﬀerent steam to plastic ratios (Fig. 10). It can be seen that the
intensity of the G and G’ peaks of the carbons were strong at 0 and 0.3
steam to plastic ratios, indicating a graphitic nature of the deposited
carbons. However, the ID/IG ratio was increased from 0.43 to 0.75 and
further reached to 0.92, when the steam to plastic ratio was raised from
0 to 1. The data suggesting a large decrease in the quality and purity of
ordered carbon nanotubes with the introduction of steam. This agreed
well with results from Fig. 9(c) which showed that most ﬁlamentous
carbon were consumed at higher steam inputs, leading to poor carbon
quality.
3.2.3. Eﬀect of catalyst temperature on carbon nanotubes production
The TEM images of the carbon deposits over the Ni-Fe/γ-Al2O3
Table 2
Experiment results for pyrolysis-catalytic process of wasted plastics with Ni-Fe/γ-Al2O3 at
diﬀerent operation conditions.
Process Conditions
Steam to plastic ratio 0 0.3 1 2.6 0 0
Catalyst Temperature, °C 800 800 800 800 700 900
H2 yield (mmol H2/gplastic) 31.8 34.5 64.4 92.7 27.2 43.7
Gas yield (wt.%) 43 47.7 102.1 164.4 34.1 41.6
Liquid (wt.%) 19.6 59 65.6 120.1 23.8 16.8
Carbon deposition (wt.%) 40.7 31 6.8 3.5 43.2 44
Mass balance (%) 103.3 109 96.8 95.9 101.1 102.4
Gas composition (vol.%)
H2 62.88 64.95 64.28 62.92 66.48 72.18
CO 6.24 12.61 24.35 28.05 5.21 5.97
CH4 27.2 19.12 10.15 6.56 21.43 20.8
CO2 0.97 0.87 0.71 1.57 1.13 0.81
C2+ 2.7 2.45 0.5 0.91 5.74 0.23
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catalyst at diﬀerent catalyst temperatures are shown in Fig. 11. The
TEM micrographs show the presence of bamboo-like, straight, as well as
crooked ﬁlamentous carbon nanotubes produced at the catalyst tem-
perature of 700 °C, with diameters ranging from 20 to 40 nm and length
up to several microns. Multiwalled carbon nanotubes could also be
found on the catalyst used at 800 °C catalyst temperature with similar
lengths but more even distribution of diameters and shapes compared
with 700 °C catalyst temperature. Moreover, the open tips or the hollow
tip observed from the TEM images implies the base-growth model of the
CNTs growth [55]. Encapsulating carbons with large metal particle size
were found on the catalyst used at 900 °C (Fig. 11(c)), and carbon na-
noﬁbers without hollow structures were also produced on the catalyst.
The formation of various types of carbon (including amorphous carbon,
carbon nanotubes and nanoﬁbers) may be due to aggregation of the
catalyst particles at high catalyst temperature, as the increase in metal
particle size was reported to favour the nonselective forms of carbon
[56,57].
The type and relative amount of carbon nanomaterials were ex-
amined by TPO analysis. The oxidative weight loss of the used catalysts
is shown in Fig. 12(a) and shows the large amounts of catalyst carbon
deposits produced at all catalyst temperatures. The maximum tem-
perature of weight loss shown from the derivate peak was shifted to a
higher oxidation temperature when the catalyst temperature was in-
creased to 900 °C, indicating high carbon growth temperatures were
likely to produce less amorphous carbons. Fig. 12(c) shows that the
amount of ﬁlamentous carbon generated from waste plastics increased
from 258 to 360 mg g−1plastic when the catalyst temperature was raised
from 700 to 900 °C. This is in accordance with previous work with a
diﬀerent feedstock (tyres) that likewise found that high catalyst tem-
perature promoted the production of ﬁlamentous carbons [19]. The
amount of amorphous carbon deposited over the Ni-Fe/γ-Al2O3 catalyst
was signiﬁcantly higher at 700 °C, at 174 mg g−1 plastic, than at the
catalyst temperatures of 800 and 900 °C with yields of 120 and
80 mg g−1 plastic respectively. This indicates that the high catalyst
temperature favoured the production of ﬁlamentous carbons and re-
stricted the amount of amorphous carbon produced.
Raman spectroscopy was also carried out for carbon deposits in
relation to diﬀerent catalyst temperatures for the pyrolysis-catalysis of
the waste plastics. From Fig. 13, the peaks of D, G as well as G’ can be
observed, with the relative intensity of these peaks varying with the
catalyst temperature. The results showed that the D peak decreased
while the G peak increased when the catalyst temperature was in-
creased from 700 to 800 °C, indicating more carbon nanotubes with
higher purity and graphitic nature were formed at a catalyst tempera-
ture of 800 °C. However, there was a reduction in the quality of carbons
deposited on the catalyst at 900 °C, with an ID/IG ratio of 0.75 which
was higher than the carbons produced at a catalyst temperature of
800 °C. This correlated with the structure defects in the carbon which
were observed from Fig. 11(d) where some disordered and uneven
graphitic layers of carbons at 900 °C were formed. Carbon nanoﬁbers
have been reported to give a broad Raman spectra compared to nano-
tubes [58], thus the weaker Raman peak of the carbon produced at the
catalyst temperature of 900 °C in Fig. 13 further suggests the presence
of carbon nanoﬁbers. It also implies that it is incorrect to determine the
quality of carbon deposits based only on temperature programmed
oxidation analysis and/or electron microscopy, multiple technologies in
terms of structure, defects, oxidation behaviour and amount should be
combined to value the properties of the product carbon.
The TPO results reveal that more of the waste plastics were con-
verted into ﬁlamentous carbon as the catalytic temperature was
Fig. 8. SEM images of spent Ni-Fe/γ-Al2O3
with diﬀerent steam to plastic ratios. (a) 0,
(b) 0.3, (c) 1, (d) 2.6.
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increased. In addition, Raman analysis shows that the quality of the
carbon increased from 700 to 800 °C, but decreased at 900 °C. TEM
characterisation of the catalyst found that at temperatures of 700 and
800 °C, ﬁlamentous carbons are more likely to be in the form of CNTs.
The growth eﬃciency of CNTs has been reported to be related to the
carbon feeding rate, and the continuous growth of CNTs can only be
achieved at their matched feeding rate [59]. As the temperature in-
ﬂuences the decomposition rate of the plastic feedstock and thereby the
amount of carbon precursors fed to the catalyst, it implies that in this
work, 800 °C generated a more suitable carbon source for CNTs growth
than at the lower temperature of 700 °C. However, further increase in
temperature (900 °C) provided an excessive feeding of carbon via in-
creased supply of pyrolysis gases, which caused the metal particles to be
poisoned. In addition, the agglomeration of metal particles at high
temperature resulted in large catalyst particles and ﬁlamentous carbon
with large diameters, or even carbon nanoﬁbers as demonstrated by
TEM.
4. Conclusions
Product yields, including gas, liquid, deposited carbon and hy-
drogen as well as the quality of carbon nanotubes (CNTs) were sig-
niﬁcantly inﬂuenced by the catalyst composition. In terms of catalyst
support material, the α-Al2O3 supported catalyst had weaker interac-
tion between metal and support than γ-Al2O3, leading to a higher yield,
but lower quality of carbon CNTs deposits. CNTs with higher purity and
graphitization were more favoured in the presence of Fe catalysts than
Ni. In addition, Fe based catalysts generated higher yields of hydrogen
and CNTs than Ni catalysts, due to the higher cracking activity of hy-
drocarbon cracking reactions. Bimetallic Ni-Fe catalyst could be con-
sidered as a desirable catalyst for pyrolysis of waste plastics producing
both hydrogen and CNTs in signiﬁcant quantities. The suitable inter-
action between metal oxides and alumina support resulted in ﬁnely
dispersed catalyst particles, which beneﬁted both the growth of carbon
nanotubes and the hydrogen production.
For the Ni-Fe/γ-Al2O3 catalyst, hydrogen yield was greatly in-
creased from 31.8 to 92.7 mmol H2/gplastic when the steam to plastic
ratio was raised from 0 to 2.6, whereas carbon deposits decreased ra-
pidly to 3.5 wt.%. Higher catalyst temperature favoured both the hy-
drogen and ﬁlamentous carbon production. However, further increase
in temperature (to 900 °C) led to non-selective types of carbon with
lower quality, due to the agglomeration of catalyst particles. A max-
imum CNTs yield of 287 mg g−1plastic and hydrogen yield of 31.8 mmol
H2/gplastic were obtained over the Ni-Fe/γ-Al2O3catalyst at 800 °C
without steam addition.
Fig. 9. (a) Temperature programmed oxidation, (b) derivative plots, (c) amount of dif-
ferent types of carbonson spent Ni-Fe/γ-Al2O3 with diﬀerent steam to plastic ratios.
Fig. 10. Raman spectra of the carbon materials at diﬀerent steam to plastic ratios.
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Fig. 11. TEM images of spent Ni-Fe/γ-Al2O3 with diﬀerent
catalyst temperatures. (a) 700, (b) 800, (c) 900 °C.
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